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a b s t r a c t
Yellow protein (dopachrome conversion enzyme, DCE) is involved in the melanin biosynthetic pathway
that signiﬁcantly accelerates pigmentation reactions in insects. Recent studies have suggested that the
insect yellow genes represent a rapidly evolving gene family generating functionally diverse paralogs, but
the exact physiological functions of several yellow genes are still not understood. To study the function
(s) of one of the yellow genes, yellow-e (TcY-e), in the red ﬂour beetle, Tribolium castaneum, we performed
real-time PCR to analyze its developmental and tissue-speciﬁc expression, and utilized immunohisto-
chemistry to identify the localization of the TcY-e protein in adult cuticle. Injection of double-stranded
RNA for TcY-e (dsTcY-e) into late instar larvae had no effect on larval–pupal molting or pupal
development. The pupal cuticle, including that lining the setae, gin traps and urogomphi, underwent
normal tanning. Adult cuticle tanning including that of the head, mandibles and legs viewed through the
translucent pupal cuticle was initiated on schedule (pupal days 4–5), indicating that TcY-e is not required
for pupal or pharate adult cuticle pigmentation in T. castaneum. The subsequent pupal–adult molt,
however, was adversely affected. Although pupal cuticle apolysis and slippage were evident, some of the
adults (25%) were unable to shed their exuvium and died entrapped in their pupal cuticle. In addition,
the resulting adults rapidly became highly desiccated. Interestingly, both the failure of the pupal–adult
molt and desiccation-induced mortality were prevented by maintaining the dsTcY-e-treated insects at
100% relative humidity (rh). However, when the high humidity-rescued adults were removed from 100%
rh and transferred to 50% rh, they rapidly dehydrated and died, whereas untreated beetles thrived
throughout development at 50% rh. We also observed that the body color of the high humidity-rescued
dsTcY-e-adults was slightly darker than that of control animals. These results support the hypothesis that
TcY-e has a role not only in normal body pigmentation in T. castaneum adults but also has a vital
waterprooﬁng function.
& 2015 Elsevier Inc. All rights reserved.
Introduction
Insect cuticle tanning is a process involving pigmentation and
sclerotization reactions to generate diversely colored and rigid or
ﬂexible exoskeletons that are critical for growth, development and
protection from dehydration, environmental stresses, natural ene-
mies and pathogens. Synthesis of melanin pigments in insects
occurs during coloration of the cuticle as well as in wound healing,
melanization and encapsulation of entomopathogens (Andersen,
2010; Sugumaran, 2002). Melanin biosynthesis starts with
hydroxylation of tyrosine to dihydroxyphenylalanine (dopa) cata-
lyzed by tyrosine hydroxylase (TH). Dopa is converted to dopa-
mine by dopa decarboxylase (DDC). Dopa and dopamine are
oxidized to dopaquinone and dopaminequinone by laccase 2,
and these two compounds then are converted to dopachrome
and dopaminechrome, respectively. The latter two metabolites are
converted to dihydroxyindole (DHI) and/or 5,6-dihydroxyindole-
2-carboxylic acid (DHICA) by dopachrome conversion enzyme
(DCE), which is encoded by one of the yellow genes. DHI and DHICA
are oxidized to DHI-chrome and DHICA-chrome (melanochrome) by
laccase 2, and then the melanochromes polymerize to form melanin
(Andersen, 2010; Arakane et al., 2005a; Gorman and Arakane, 2010).
The yellow gene was named for a loss of function phenotype in
Drosophila melanogaster, in which the cuticle has a yellow-brown
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color rather than the wild-type gray-black (Nash and Yarkin, 1974).
The yellow protein (DCE) is involved in the melanin synthetic
pathway in insects such as D. melanogaster, Bombyx mori, Papilio
xuthus and Tribolium castaneum (Arakane et al., 2010; Futahashi
and Fujiwara, 2007; Futahashi et al., 2008; Ito et al., 2010;
Wittkopp et al., 2002a). In Drosophila, the yellow protein y
(DmY-y) is important for synthesis of black melanin and it
correlates with pigmentation patterns in adult cuticle (Wittkopp
et al., 2002a, 2002b). Han et al. (2002) reported that both
recombinant yellow-f (DmY-f) and yellow-f2 (DmY-f2) proteins
have a dopachrome conversion enzyme activity, which is required
for melanin formation, and suggested that the yellow gene family
may be critical for catalyzing conversion of dopachrome into DHI
during melanin production.
Yellow proteins are also important factors involved in Lepi-
dopteran pigmentation. Futahashi and Fujiwara (2007) reported
that expression of yellow (PxY-y) gene is correlated with black
markings in the swallowtail butterﬂy, P. xuthus. All yellow family
genes in P. xuthus except for yellow-b were examined and it was
found that, like PxY-y, yellow-h3 is expressed in black pigmented
regions (Futahashi et al., 2012). B. mori yellow protein y (BmY-y) is
required for normal black pigmentation, as it is the gene affected
in the chocolate (ch) body color mutant strain, which exhibited a
reddish brown coloration in larvae instead of a black coloration
(Futahashi et al., 2008). Another body color mutant of B. mori, bts
(brown head and tail spot), has a reddish brown larval head and
anal plates instead of the white color in the wild type. Positional
cloning revealed that deletions in the B. mori homolog of D.
melanogaster yellow-e gene (BmY-e) are responsible for the bts
phenotype, suggesting that BmY-e has a critical role in larval
pigmentation (Ito et al., 2010).
The major royal jelly proteins (MRJP) of honeybees are also
members of the yellow gene family (Santos et al., 2005;
Schmitzova et al., 1998). It has been reported that yellow and
MRJP proteins have diverse functions in insects, with a variety of
tissue and developmental expression patterns. For example, MRJP
proteins are expressed in tissues such as brain and venom glands
and in different developmental stages in the honeybee (Drapeau
et al., 2006; Peiren et al., 2008, 2005; Schmitzova et al., 1998).
A yellow protein found in the brain of D. melanogaster is necessary
for male courtship behavior (Drapeau et al., 2003).
Yellow and yellow-like genes have been identiﬁed in T. casta-
neum (Arakane et al., 2010). Analysis of expression patterns of
these genes indicated that yellow and yellow-like genes have
diverse functions. Interestingly, dsRNA-mediated gene silencing
of yellow-y (TcY-y) in T. castaneum did not affect body pigmenta-
tion except for the loss of pterostigma pigmentation in the
hindwing, a result suggesting that TcY-y is not critical for T.
castaneum cuticle pigmentation (Arakane et al., 2010). RNAi of
the T. castaneum homolog of D. melanogaster yellow-f (TcY-f) had
no effect on body pigmentation during pupal development. How-
ever, the resulting adults could not shed the old cuticle and failed
to eclose, suggesting that TcY-f is important for molting (Arakane
et al., 2010).
Although some insect yellow and yellow-like genes are critical
for melanin biosynthesis (Drapeau, 2001; Drapeau et al., 2006;
Maleszka and Kucharski, 2000; Prud’homme et al., 2006;
Wittkopp et al., 2009, 2002a, 2002b), the physiological functions
of most yellow and yellow-like genes in insects are still not well
characterized. In this study, we have identiﬁed a novel anti-
dehydration function of one of the yellow genes, yellow-e (TcY-e),
in T. castaneum using dsRNA-mediated gene silencing (Arakane
et al., 2010; Tomoyasu and Denell, 2004; Tomoyasu et al., 2008).
To investigate further the function of TcY-e in cuticle tanning, we




The GA-1 strain (Haliscak and Beeman, 1983) of T. castaneum
was used in this study. Insects were reared at 30 1C and 50%
relative humidity (rh) under standard conditions (Beeman and
Stuart, 1990). Under these conditions, adult eclosion occurs 5 d
after pupation. For the high humidity rescue experiments, 5 d-old
pupae that had been injected with dsRNA at the late larval stages
were kept in a saturated humidity chamber (100% rh) at 30 1C.
DNA and protein sequence analysis
The amino acid sequence of TcY-e was deduced following
translation of the open reading frame of the corresponding cDNA
(GU111765) (Arakane et al., 2010). Yellow-e like proteins were
identiﬁed via a BLAST (tblastn program) search in the NCBI
database using the T. castaneum yellow-e protein (TcY-e) as query.
Protein sequences were analyzed for signal peptides using the
SignalP 4.0 software (http://expasy.org/tools/). Major Royal Jelly
Protein (MRJP) domains were identiﬁed using the Conserved
Domain Database (CDD, http://www.ncbi.nlm.nih.gov/cdd). Multi-
ple sequence alignments of deduced amino acid sequences were
made using Clustal X 2.1 (Larkin et al., 2007).
Phylogenetic analysis of Yellow-e proteins
Amino acid sequences of insect Yellow-e proteins were aligned
with ClustalW software prior to phylogenetic analysis. The phylo-
genetic tree was constructed using the MEGA 6.06 program and
the Unweighted Pair Group Method with Arithmetic Mean
(UPGMA) (Tamura et al., 2013). A bootstrap analysis of 5000
replications was performed to evaluate the branch strength of
the phylogenetic tree.
Real-time PCR
To analyze developmental expression proﬁles of TcY-e, total
RNAwas isolated fromwhole insects (n¼5–10 except for embryos)
at various developmental stages from embryos to adults by using
the RNeasy Mini kit, and then treated with DNase I (Qiagen). 1 μg
of total RNA was used to prepare cDNA using the SuperScript III
First-Strand Synthesis System (Invitrogen, Carlsbad, CA) according
to the manufacturer's instructions. Total RNA was independently
isolated for each of the three replications. Real-time PCR was done
as described previously (Noh et al., 2014) using the primers 50-TTC
GCT GCT GAA TTG CGA TGG AAG-30 and 50-AAG CAA CTC TTG GAG
CCG TAC TGA-30. The primer pair 50-ACG CAA GTC AGT TAG AGG
GTG CAT-30 and 50-TCC TGT TCG CCT TTA CGC ACG ATA-30 was used
to amplify TcRpS6 (ribosomal protein S6) to normalize for differ-
ences in the concentration of cDNA among samples.
Synthesis and injection of double-stranded RNA
dsRNA for TcY-e (dsTcY-e) was synthesized as described pre-
viously (Arakane et al., 2005a) using the primer set 50-(T7)-CC GTT
TGT TTA GTA TCC-30 and 50-(T7)-TT GGT AAT TCC GTC G-30. T7
indicates the T7 polymerase recognition sequence. The size of
dsTcY-e is 461 bp. dsTcY-e (200 ng per insect) was injected into late
stage larvae (a mixture of penultimate instar and last instar larvae)
(Tomoyasu and Denell, 2004). dsRNA for the T. castaneum Vermi-
lion gene (dsTcVer) was injected to serve as a negative control
(Arakane et al., 2009b; Lorenzen et al., 2002). To analyze the
knockdown level of TcY-e transcripts, cDNAs were synthesized
from total RNA isolated fromwhole 5 d-old pupae (n¼3) 10 d after
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dsRNA injections. Total RNAwas independently isolated for each of
the three replications and signiﬁcant differences were analyzed
using the Student t-test.
Expression and puriﬁcation of recombinant TcY-e protein
The coding sequence excluding the putative signal peptide of
TcY-e was ampliﬁed from the cloned cDNA by PCR using the
following primer set: 50-TGT CCA TGG GCT TGG AAC TCG AGG
TGG TC-30 and 50-TCT CAA GCT TGC CAT AAA ACA AAT GAT TGG
T-30. The forward and reverse primers contain NcoI and HindIII
recognition sites (underlined), respectively, to facilitate directional
cloning into the pET28a expression vector (Novagen). The PCR
product was digested with NcoI and HindIII and subcloned into the
same sites of the pET28a plasmid DNA, and then used to transform
Escherichia coli strain BL21 (DE3). The recombinant TcY-e protein
(rTcY-e) was obtained by induction with 1 mM IPTG for 2 h at
37 1C. The cells were collected by centrifugation at 3000 g for
15 min at 4 1C, resuspended in cold phosphate buffered saline, pH
7.4 (PBS) and lysed by sonication. The lysate was centrifuged at
3000 g for 15 min at 4 1C. The pellet was treated with PBS
containing 6 M urea to solubilize the rTcY-e, followed by centrifu-
gation at 3000 g for 15 min at 4 1C. The supernatant was applied
to a Ni-NTA column (Invitrogen) equilibrated with PBS containing
6 M urea and 20 mM imidazole, and the column was washed with
the same buffer. Bound proteins were eluted with a 50–200 mM
imidazole gradient. Puriﬁed rTcY-e was used as the antigen to
generate rabbit antiserum by Cocalico Biologicals, Inc., PA, USA. To
improve antibody speciﬁcity, the TcY-e antiserum was puriﬁed
using the puriﬁed rTcY-e-immobilized afﬁnity column (AminoLink
Plus Immobilization kit, Pierce) according to manufacturer's
instruction.
Immunoblotting
Immunoblot analysis was performed to evaluate the speciﬁcity
of the puriﬁed anti-TcY-e antibodies. Five pairs of elytra were
dissected from 5 d-old pupae that had been injected previously
with dsTcY-e or dsTcVer (200 ng per insect) in the late larval
instars, homogenized in 150 μl PBS containing protease inhibitor
cocktails (Fementas), and then centrifuged at 13,000 g for 2 min
at 4 1C. The pellet was redissolved in 150 μl of SDS sample buffer
and heated at 95 1C for 10 min. Protein samples were analyzed by
12% SDS-PAGE followed by Coomassie staining and/or western
blotting using the puriﬁed anti-TcY-e polyclonal antibody.
Immunohistochemistry
Immunostaining was performed as described previously
(Arakane et al., 2009a). Cross-sections (10 μm) of 5 d-old pupae
that had been injected with dsRNA at the late larval stages were
analyzed for TcY-e protein localization. Cryosections were rinsed
with PBST (0.01 M PBS, pH 7.4 containing 0.1% Tween 20) three
times for 5 min to remove the tissue compound, and then blocked
with blocking buffer (2% bovine serum albumin (BSA) in PBST) for
1 h at room temperature. Then the sections were incubated with
anti-TcY-e antibody (1:100 in blocking buffer) for 3 h at room
temperature. After washing the sections with PBST three times for
5 min each, Alexa Fluor 546 goat anti-rabbit IgG (Invitrogen)
secondary antibody (1:300 in blocking buffer) was applied for
1 h at room temperature. After washing the sections three times
with PBST, ﬂuorescein isothiocyanate (FITC)-conjugated chitin-
binding probe (1:300 in blocking buffer) was applied and incu-
bated at 4 1C for overnight. The sections were washed with PBST
three times for 5 min each at room temperature and then nuclei
were stained with TO-PRO-3 (Invitrogen) in PBST for 1 h at room
temperature. Tissues were observed using a confocal laser scan-
ning microscope (Olympus FV500) with appropriate ﬁlters.
Transmission Electron Microscopy (TEM)
Insects injected with dsRNA at the late larval stages of devel-
opment were collected at the pharate adult (5 d after the pupal
molt) and 1 d-high humidity-rescued adult stages, and were ﬁxed
in a mixture of 4% paraformaldehyde and 0.1% glutaraldehyde in
0.1 M sodium cacodylate buffer (pH 7.4) for 24 h at room tem-
perature. TEM analysis was performed as described previously
(Noh et al., 2014).
Cuticle color intensity measurement
Digital photographs of 5 d-high humidity-rescued dsTcY-e- and
dsTcVer-treated adults as well as elytra and hindwings dissected
from those RNAi-treated insects were taken side by side (n¼10 for
each pair of elytra and hindwings) under a Leica M165FC micro-
scope with a DFC450C camera. The images were converted to RGB
stack images, and color intensity (darkness of pigment) in equiva-
lent regions of the pronotum, elytra and veins of the hindwings
was measured as mean gray scale values using ImageJ software
(http://rsb.info.nih.gov/ij/).
Results and discussion
Multiple alignment of amino acid sequences and phylogenetic
analysis of insect Y-e-like proteins
Yellow-like gene family members have been identiﬁed pre-
viously in several insect species such as D. melanogaster, B. mori,
Apis mellifera, P. xuthus, Heliconius erato, Heliconius melpomene,
Heliconius numata and T. castaneum (Albert and Klaudiny, 2004;
Arakane et al., 2010; Drapeau, 2001; Drapeau et al., 2006;
Ferguson et al., 2011; Futahashi and Fujiwara, 2007; Futahashi
et al., 2008). Ferguson et al. (2011) performed a comprehensive
search of the nonredundant protein database using PSI-Blast to
identify genes encoding yellow-like proteins that have a full or
partial major royal jelly protein (MRJP) domain from bacteria,
fungi and insects. Those authors reported that insect yellow/MRJP
protein sequences fall into 10 monophyletic clades. To identify
genes that encode yellow-e-like proteins in insects, we further
searched the NCBI database via BLAST (tblastn program) using the
T. castaneum yellow-e protein (TcY-e) as the query. We identiﬁed
genes encoding a protein with high homology with TcY-e (e-values
o5E101) from several insect species such as D. melanogaster
(DmY-e), B. mori (BmY-e), A. mellifera (ApY-e), P. xuthus (PxY-e), H.
melpomene (HmY-e), H. numata (HnY-e), H. erato (HeY-e), Anopheles
gambiae (AgY-e), Aedes agypti (AaY-e), Culex quinquefasciatus (CqY-
e), Ceratitis capitata (CcY-e), Nasonia vitripennis (NvY-e), Bombus
impatiens (BiY-e), Megachile rotundata (MrY-e), Pediculus humanus
corporis (PhY-e), Microplitis demolitor (MdY-e), and Acyrthosiphon
pisum (ApY-e), while the secondary hit genes that encode a yellow-
h-like protein had e-values 41E62. We conclude that the
former genes are true homologs of TcY-e. Yellow-e appears to be
a single-copy gene in all species analyzed except for C. capitata
(Figs. S1 and S2). All of the genes encode proteins with a putative
signal peptide, a conserved 300 amino acid-long MRJP domain
(Schmitzova et al., 1998) and a conserved potential N-glycosylation
site just before the MRJP domain (Fig. S1). HeY-e and AaY-e were
not included in our analysis because both appear to be derived
from an incorrect splicing computational prediction. Some of the
proteins have an additional predicted N-glycosylation site in the
MRJP domain or C-terminal region (Li et al., 2007). Yellow-y
M.Y. Noh et al. / Developmental Biology 399 (2015) 315–324 317
orthologs found in Diptera and Lepidoptera such as DmY-y, AgY-y,
AaY-y, CqY-y, BmY-y and PxY-y have a C-terminal stretch of 4100
amino acids that is absent in TcY-y, AmY-y and NvY-y, suggesting
that yellow-y proteins in Diptera and Lepidoptera have gained
additional C-terminal segments rather recently (Arakane et al.,
2010). Interestingly, yellow-e homologs found in Diptera such as
DmY-e, MdY-e, CcY-e, CcY-e2, AgY-e and CqY-e also possess a long
C-terminal stretch (120 amino acids) (Fig. S1). Yellow-e homo-
logs from the other insect orders analyzed in this study do not
have this long C-terminal extension, suggesting that like the
yellow-y proteins, yellow-e proteins from Diptera also have
recently gained the additional C-terminal segment. Phylogenetic
analysis revealed that TcY-e is more closely related to homologs in
Lepidoptera than to those in Diptera (Fig. S2). In T. castaneum, the
TcY-e gene is present in a cluster of closely linked yellow genes that
are located on the 8th linkage group. This cluster contains a
tandem array of ﬁve yellow genes, TcY-g, -g2, -e, -d (-e3) and -h,
which is interrupted by two unrelated genes (Arakane et al., 2010).
This gene organization/cluster of yellow genes is conserved among
T. castaneum, A. mellifera and B. mori (Drapeau et al., 2006;
Ferguson et al., 2011). In A. mellifera, all nine MRJP genes are
located between AmY-d (-e3) and AmY-h gene loci, and in B. mori,
the yellow-h gene has been duplicated (BmY-h and -h2).
Developmental patterns of expression of TcY-e
Real-time PCR was performed to analyze the expression pat-
terns of TcY-e during T. castaneum development. TcY-e transcripts
were detected at all stages of development analyzed from embryo-
nic to adult stages (Fig. 1A). At late developmental stages, TcY-e
transcripts exhibited two peaks of expression, one prior to the
larval–pupal molt and the other a substantially higher peak
occurring prior to adult eclosion (Fig. 1B).
We previously suggested that 20-hydroxyecdysone (20HE) titer
in T. castaneummust be high on pupal day 3 and low on pupal days
4–5, based on a comparison of the expression proﬁles of genes
involved in the cuticle tanning pathway such as yellow-y (Y-y),
tyrosine hydroxylase (TH), dopa decarboxylase (DDC) and N-β-
alanyldopamine synthase (ebony) with those in the swallowtail
butterﬂy, P. xuthus, and the silkworm, B. mori (Arakane et al.,
2010). In P. xuthus, expression of the PxY-y gene was induced by a
high titer of 20HE, whereas a decline in 20HE titer was required
for the expression of PxTH, PxDDC and Pxebony genes (Futahashi
and Fujiwara, 2007). In B. mori, like P. xuthus, BmY-y was highly
expressed at stage E1, while a high expression of Bmebony was
detected slightly later at stage E2 after the 20HE titer had declined
(Futahashi et al., 2008; Kiguchi and Agui, 1981). A developmental
expression proﬁle similar to those of TcY-y, TcTH, TcDDC and
Tcebony was observed in T. castaneum. The highest expression
level of TcY-y occurred on pupal day 4 and declined substantially
thereafter, whereas high levels of expression of TcTH, TcDDC and
Tcebony were observed on pupal day 4 or 5 (Arakane et al., 2009b;
Gorman and Arakane, 2010). Ito et al. (2010) reported that the
expression of BmY-e increased markedly at the molting stages and
its expression proﬁles were very similar to those of BmY-y. Those
authors suggested that these two genes work concomitantly
during the molting process and coordinately control larval body
color in B. mori. Although TcY-e was expressed around the time of
molting, its expression proﬁle, unlike that of BmY-e, was quite
different from that of TcY-y in T. castaneum.
Cuticular localization of TcY-e
Nearly the same levels of transcripts for TcY-e were detected by
real-time PCR in the elytron (highly sclerotized and pigmented
forewing) and the membranous ﬂexible hindwing (Fig. 1C). This
Fig. 1. Expression levels of TcY-e by real-time quantitative PCR. Transcript abundance of TcY-e relative to that of T. castaneum ribosomal protein S6 (TcRpS6) was determined by
real-time PCR. (A) The cDNAs used were prepared from total RNA fromwhole insects at different developmental stages ranging from embryo to adults. E, embryos; YL, young
larvae; ML, mature larvae; PP, pharate pupae; P, pupae; A, mature adults. Data are shown as the mean value7SE (n¼3). (B) To analyze the expression patterns of TcY-e at
later stages of development, the time points analyzed were expanded between the early pharate pupal and young adult stages. PP0, 0 d-old prepupa, PP1, 1–2 d-old pharate
pupae; P0, 0 d-old pupae; P1, 1 d-old pupae; P2, 2 d-old pupae; P3, 3 d-old pupae; P4, 4 d-old pupae; P5, 5 d-old pupae; A0, 0 d-old adults; A7, 7 d-old adults. Data are shown
as the mean value7SE (n¼3). To analyze the transcript levels of TcY-e in the elytra and hindwing (C) as well as in the ventral and dorsal abdominal cuticle (D), total RNA was
extracted from tissues of 10 5 d-old wild-type pupae. Expression levels for TcY-e are presented relative to the levels of expression in elytra or ventral abdomen. Data are
shown as the mean value7SE (n¼3). Statistical analysis indicates that there is no signiﬁcant difference in transcript levels of TcY-e between elytra and hindwing, and ventral
and dorsal abdomen. E: elytra, H: hindwings, VA: ventral abdominal cuticle, and DA: dorsal abdominal cuticle.
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ﬁnding is consistent with the microarray analysis results reported
previously that TcY-e transcript levels in the elytron and hindwing
were less than 2-fold different (Arakane et al., 2010). Similarly,
there was no signiﬁcant difference in transcript levels of TcY-e
between the ventral abdomen, which becomes highly sclerotized
and hardened in the mature adult, and the transparent, ﬂexible
and membranous dorsal abdomen (Fig. 1D).
A polyclonal antibody against TcY-e was generated using the
puriﬁed recombinant TcY-e protein (rTcY-e) as the antigen. To
improve antibody speciﬁcity, the TcY-e antiserum was puriﬁed
using an rTcY-e-immobilized afﬁnity column. Western blot analy-
sis of protein extracts from elytra dissected from 5 d-old dsTcVer-
treated control and dsTcY-e-treated insects was ﬁrst performed to
verify the speciﬁcity of the antiserum. The TcY-e antibody detected
Fig. 2. Protein localization of TcY-e in adult cuticle. The localization of TcY-e protein in adult rigid cuticles such as elytra (A) and thoracic body wall (B) was determined by
immunohistochemistry. Cryosections of 5 d-old pupae that had been injected with dsTcY-e or dsTcVer in late larval stage were incubated with the puriﬁed anti-TcY-e
antibody. Anti-TcY-e antibody was detected by Alexa Fluor 546 goat anti-rabbit IgG (red). Cuticular chitin was stained with FITC-conjugated chitin-binding probe (Arakane
et al., 2005b). Nuclei were stained with To-Pro-3 (blue). C¼cuticle, E¼epithelial cell, and H¼hindwing. Scale bar¼10 μm.
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the puriﬁed rTcY-e using SDS-PAGE followed by western blotting
as well as a single protein with nearly the same mobility in the
dsTcVer-treated sample but not in the dsTcY-e-treated insect
extracts (Fig. S3). This result conﬁrms that the 43 kDa protein
detected by the antiserum is TcY-e and also demonstrates the high
speciﬁcity of this antiserum required for use in the analyses of
extracts of tissues containing cuticle.
To determine the localization of TcY-e protein in adult cuticle of
T. castaneum, we performed an immunohistochemical study
employing the puriﬁed anti-TcY-e antibody. In pharate adults
(5 d-old pupae), TcY-e was co-localized with chitin in the procu-
ticle of the dorsal elytral cuticle as well as the ventral abdominal
cuticle, both of which become harder and darker in the mature
adult (Fig. 2). However, only a very weak TcY-e immunoreactivity
was detected in hindwing cuticle (Fig. 2B), even though the TcY-e
transcript level in that tissue was similar to that in the elytron
(Fig. 1C). TcY-e was not distributed evenly through the procuticle
but instead was speciﬁcally localized to the middle portion of rigid
adult procuticle (Fig. 2; see panel marked “Merge”).
No effect of RNAi for TcY-e on larval and pupal cuticle pigmentation
Several studies have suggested that insect yellow genes have
diverse functions, with some of them playing a role in the melanin
biosynthetic pathway. In D. melanogaster, for instance, DmY-y is
involved in melanin production. Mutation of the DmY-y gene leads
to the formation of a more yellow cuticle in the body wall and
wing than that of wild type. In addition, localization of DmY-y
protein is consistent with the pattern of black pigment
development (Drapeau, 2001; Gompel et al., 2005; Wittkopp and
Beldade, 2009; Wittkopp et al., 2002a, 2002b). In B. mori and
P. xuthus larvae, the expression patterns of the DmY-y orthologs,
BmY-y and PxY-y, are also consistent with patterning of black
pigmentation (Futahashi and Fujiwara, 2007; Futahashi et al.,
2008). In contrast, dsRNA-mediated TcY-y knockdown in T. casta-
neum had no effect on larval, pupal and adult body cuticle
pigmentation, with the exception of pigmentation in the hindw-
ing. The black pigmentation of the hindwing, including the
pterostigma and nearby surrounding regions, was speciﬁcally
reduced by RNAi for the TcY-y gene (Arakane et al., 2010). Ito
et al. (2010) reported that BmY-e is responsible for the body color
phenotype in a mutant, bts (brown head and tail spot), in which the
larval head and anal plates are reddish brown instead of white
found in the wild type, suggesting that BmY-e functions in larval
body pigmentation in B. mori larvae.
To investigate the function(s) of TcY-e in T. castaneum, we
performed RNA interference (RNAi). dsRNA for T. castaneum
Vermilion (dsTcVer), which is required for normal eye pigmentation
(Lorenzen et al., 2002), was injected as a negative control. Injec-
tion of dsTcY-e led to a substantial decrease in expression of the
TcY-e gene at both the mRNA (Fig. 3A) and protein levels (Figs. 2
and S3). Injection of dsTcY-e into late instar larvae had no effect on
larval cuticle pigmentation, development or larval–pupal molting
(Fig. 3B). The resulting pupae developed normally. The pupal
cuticle in the setae, gin traps and urogomphi exhibited normal
pigmentation (Fig. 3B). Adult cuticle pigmentation of the head,
mandibles, legs and hindwings was initiated on schedule on pupal
days 4–5 and proceeded normally (Fig. 3B). These results indicated
Fig. 3. Lethal phenotypes produced by RNAi for TcY-e. (A) cDNA templates for real-time PCR were prepared from total RNA isolated from 5 d-old pupae that had been
injected with dsTcY-e or dsTcVer (200 ng per insect) at the late larval stage (n¼20). T. castaneum ribosomal protein 6 (TcRpS6) transcripts were analyzed to normalize for
loading differences in the concentrations among different cDNA templates. The expression levels of TcY-e in dsTcY-e-treated animals are presented relative to the levels in
dsTcVer control. An asterisk indicates a signiﬁcant difference in transcript levels of TcY-e between control and test animals (p¼2.2E04, t-test). Data are shown as the mean
value7SE (n¼3). (B) Injection of dsTcY-e had no effect on larval–pupal molting or pupal development. Adult cuticle pigmentation was evident through the pupal cuticle at
the pharate adult stage (P5). However, some insects (25%) could not shed the old pupal cuticle and died without undergoing eclosion (C). The resulting adults (75%), in
addition, died shortly after eclosion (left panel in D) with a diminished abdomen and crumpled dorsal abdominal cuticle (right panel in D). (E) Body weights of dsTcVer
(n¼12) and dsTcY-e adults (n¼8) were measured by 24 h post-eclosion. Results are presented relative to the weight of 0 h-old adult taken as 100. Numbers in parentheses
indicate the number of dead animals in the dsTcY-e group that were excluded from the measurement. Data are shown as the mean values7SE except for 24 h-dsTcY-e adults.
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that TcY-e is not required for larval, pupal and pharate adult cuticle
pigmentation in T. castaneum.
Desiccation-induced lethal phenotypes produced by RNAi for TcY-e
As described above, RNAi for TcY-e did not affect the morphol-
ogy of the larval and pupal cuticle or larval–larval and larval–pupal
molting; the resulting pupae all developed normally. However, the
subsequent pupal–adult molting was adversely affected. Although
apolysis and slippage were evident, some of pharate adults
(25%) were unable to shed their old cuticle and died entrapped
in their pupal cuticle (Fig. 3C). The rest of the pupae (75%) did
molt to adults. However, they died shortly (24 h) after eclosion
(left panel in Fig. 3D). The resulting adults, in addition, exhibited a
diminished abdomen and crumpled dorsal abdominal soft cuticle
(right panel in Fig. 3D) because little or no hemolymph was
apparently present. The weights of dsTcY-e adults decreased
by approximately 25% by 24 h after eclosion, compared with
only a 15% decrease in dsTcVer controls (Fig. 3E). In addition,
approximately 15%, 40%, 50% and 90% of the dsTcY-e adults died 8,
12, 18 and 24 h post-eclosion, respectively. These results suggested
that the high incidence of lethality of dsTcY-e adults was caused at
least in part by dehydration.
To evaluate the dehydration hypothesis, we tested whether
high humidity could prevent dehydration and rescue the lethal
phenotypes produced by injection of dsTcY-e. When insects that
had been injected with dsTcY-e at the late larval stage were
transferred from 50% rh to 100% rh as pharate adults (5 d-old
pupae), no pupal–adult molting defect was observed. In addition,
the resulting adults developed and grew normally (top panels in
Fig. 4). However, unlike dsTcVer-treated control animals, when the
humidity-rescued dsTcY-e adults were subsequently transferred
from 100% rh to 50% rh, they quickly (after 24 h) became
dehydrated and died (bottom panels in Fig. 4). Like RNAi for TcY-
e, injection of dsRNA for TcY-f into late-stage larvae had been
shown to result in a lethal pupal–adult molting defect (Arakane
et al., 2010). However, unlike dsTcY-e-treated animals, high
humidity could not prevent the terminal pupal–adult molting
Fig. 4. High humidity prevents dehydration-induced lethality. Pharate adults (5 d-old pupae) that had been injected dsTcY-e or dsTcVer (200 ng per insect) at the late larval
stage (n¼100) were moved from 50% rh to 100% rh. Maintaining dsTcY-e-treated animals at 100% rh prevented failure of the pupal–adult molt and the resulting adults could
develop and grow during the experimental period (top panels). However, when dsTcY-e adults maintained at 100% rh for 1, 2, 3 and 4 d were subsequently moved back to
50% rh (n¼15–20 each), 92%, 83%, 57% and 25% of the adults, respectively, dehydrated and died soon thereafter (red slash in bottom panels). No mortality was observed in
the dsTcVer control group in this experiment. Interestingly, the body color of dsTcY-e-treated insects maintained at 100% rh for 3 d or longer became slightly darker than that
of the dsTcVer adults (see Fig. 6).
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defect of dsTcY-f pharate adults (Fig. S4). These results support the
hypothesis that TcY-e has a critical waterprooﬁng function in T.
castaneum adults. In D. melanogaster, eggs from DmY-g mutant
mothers spontaneously collapse (Claycomb et al., 2004). The
authors proposed that DmY-g and DmY-g2 play a role in the
cross-linking of components in the vitelline membrane, which is
required for maintenance of the rigidity of the egg. There was no
visible difference in the ultrastructural architecture of either the
rigid elytral cuticle including envelope, epicuticle, horizontal
chitinous lamina and vertical pore canals in the procuticle or the
membranous soft cuticle of the dorsal abdomen between dsTcVer-
treated control and dsTcY-e-treated adults (Figs. 5 and S5). It is
possible that TcY-e has a critical role in adult cuticle sclerotization
in a manner similar to that of DmY-g and DmY-g2 for stabilization
of the vitelline membrane. The longer the dsTcY-e adults main-
tained at 100% rh, the less the mortality observed after their
transfer to 50% rh. For instance, more than 90% dsTcY-e adults
maintained at 100% rh for 1 d dehydrated and died when they
were moved to 50% rh, whereas the dehydration-induced mortal-
ity was decreased by 25% when dsTcY-e adults remained in high
humidity for 4 d (Fig. 4). Thus, there is a temporal dependence of
the rescue that occurs in 100% humidity.
In B. mori, the gene encoding an ortholog of the D. melanogaster
yellow-e gene (BmY-e) is responsible for a recessive body color
mutant phenotype, bts (brown head and tail spot) (Ito et al., 2010).
In this mutant, the larval head cuticle and anal plates are reddish
brown, whereas those of the wild type are white. Tissue-speciﬁc
expression of BmY-e mRNA was consistent with the temporal
Fig. 5. Ultrastructure of elytral and dorsal abdominal cuticles from adults treated with dsTcY-e. The ultrastructure of rigid elytral (A–D) and membranous dorsal abdominal (E
and F) cuticles from 1 d-high humidity-rescued adults that had been injected with dsRNA (200 ng per insect) for TcVer (A, C and E) and TcTcY-e (B, D and F) in the late larval
instars was analyzed by TEM. ev, envelope; ep, epicuticle; pro, procuticle; pcf, pore canal ﬁber; apmp, apical plasma membrane protrusion. Scale bar in A and B¼2 μm and C–
F¼500 nm.
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pattern of reddish brown pigment development in the bts strain,
suggesting that BmY-e is critical for producing a white cuticle in B.
mori larvae. Interestingly, the body color and veins in the hindw-
ing of high humidity-rescued dsTcY-e adults became signiﬁcantly
darker than those of dsTcVer control animals (Figs. 4 and 6),
suggesting that TcY-e does contribute to normal body color
development of T. castaneum adults.
Conclusions
Since many insect genomes have been sequenced, it has been
revealed that there are multiple copies of genes encoding yellow-
like proteins in a single species, suggesting that yellow genes
possess diverse functions beside pigment production. Here, we
have provided the ﬁrst evidence that TcY-e has a role not only in
body coloration in T. castaneum adults, but also in it has a novel
vital anti-dehydration function. Further study is required to under-
stand the molecular mechanisms and functions of TcY-e in both
cuticle waterprooﬁng and in body pigmentation.
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